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Description 

Downhole Drilling Network Using Burst 
Modulation Techniques 

Cross Reference to Related Applications 

[0001] The present application is a continuation-in-part of co- 
pending U.S. Patent Application Serial No. 10/878,145 
filed on June 28, 2004, which is herein incorporated by 

reference. 
Federal Research Statement 

[0002] This invention was made with government support under 

Contract No. DE-FC26-01NT41229 awarded by the U.S. 

Department of Energy. The government has certain rights 

in the invention. 
Background of Invention 

[0003] Field of the Invention. 

[0004] This invention relates to oil and gas drilling, and more 
particularly to apparatus and methods for transmitting 
data in downhole drilling networks. 



[0005] Background of the Invention. 

[0006] The goal of accessing data from a drill string has been 
expressed for more than half a century. As exploration 
and drilling technology has improved, this goal has be- 
come more important in the industry for successful oil, 
gas, and geothermal well exploration and production. For 
example, to take advantage of the several advances in the 
design of various tools and techniques for oil and gas ex- 
ploration, it would be beneficial to have real time data 
such as temperature, pressure, inclination, salinity, etc. 
Several attempts have been made to devise a successful 
system for accessing such drill string data. However, due 
to the complexity, expense, and unreliability of such sys- 
tems, many attempts to create such a system have failed 
to achieve significant commercial acceptance. 

[0007] In U.S. patent no. 6,670,880 issued to Hall et al. (the "Hall 
patent"), the inventors disclosed a "downhole transmis- 
sion system" that overcomes many of the problems and 
limitations of the prior art. In that system, data is trans- 
mitted in real time along the drill string by way of network 
hardware integrated directly into the drill string. This net- 
work hardware enables high-speed communication be- 
tween various tools and sensors, located along the drill 



string, with surface analysis, diagnostic, and control 
equipment. 

[0008] Because the Hall patent solves many of the problems of 
the prior art by providing a reliable a high-speed connec- 
tion between downhole drilling components and the sur- 
face, novel apparatus and methods are needed to use the 
connection efficiently. That is, as is currently the case in 
most transmission systems, bandwidth is limited by the 
communication hardware involved. Moreover, although 
the technology described in the Hall patent is a colossal 
improvement over prior telemetry systems, it is conceiv- 
able that the vast array of downhole tools and sensors 
used in downhole drilling could generate enough data to 
consume most of the available bandwidth, thereby signifi- 
cantly limiting the number and types of devices that could 
be connected to the network. 

[0009] In some cases, bandwidth may be unnecessarily con- 
sumed due to inefficient bandwidth allocation. For exam- 
ple, bandwidth may be consumed by needlessly transmit- 
ting raw data over the network at times or in quantities 
that are not needed. In other cases, various downhole 
components may completely occupy a transmission chan- 
nel even though data is only transmitted over the channel 



intermittently. In yet other cases, large amounts of raw 
data may be transmitted over the network when a much 
smaller amount of processed data would be sufficient. 
The foregoing examples, although not an exhaustive list, 
are illustrative of various ways that the bandwidth of a 
downhole network may be used inefficiently. 
[0010] Therefore, in response to various needs felt in the down- 
hole drilling industry, what are needed are apparatus and 
methods for effectively allocating bandwidth in high- 
speed downhole telemetry systems. What are further 
needed are apparatus and methods for effectively sharing 
bandwidth between downhole devices that transmit data 
in an inconsistent or intermittent manner. What are fur- 
ther needed are apparatus and methods for efficiently ac- 
quiring and receiving signals that are transmitted inter- 
mittently or sporadically, in order to conserve bandwidth. 
Summary of Invention 

[001 1] In view of the foregoing, the present invention relates to 
apparatus and methods for effectively allocating band- 
width in high-speed downhole telemetry systems. The 
present invention further relates to apparatus and meth- 
ods for effectively sharing bandwidth between downhole 
devices that transmit data in an inconsistent or intermit- 



tent manner. Finally, the present invention relates to ap- 
paratus and methods for efficiently acquiring and receiv- 
ing signals that are transmitted intermittently or sporadi- 
cally in order to conserve or effectively use bandwidth. 

[0012] Consistent with the foregoing, and in accordance with the 
invention as embodied and broadly described herein, a 
downhole drilling system is disclosed in one aspect of the 
present invention as including a drill string and a trans- 
mission line integrated into the drill string. Multiple net- 
work nodes are installed at selected intervals along the 
drill string and are adapted to communicate with one an- 
other through the transmission line. In order to efficiently 
allocate the available bandwidth, the network nodes are 
configured to use any of numerous burst modulation 
techniques to transmit data. 

[0013] In certain embodiments of the invention, the network 

nodes include burst modems configured to transmit data 
packets over the transmission line. These burst modems 
may include automatic gain control mechanisms to auto- 
matically adjust the gain of data packets received by the 
network nodes. In selected embodiments, the data pack- 
ets include a preamble. This preamble may include an un- 
modulated carrier portion to enable the burst modems to 



estimate the carrier frequency of an incoming data paclcet. 
The preamble may also include a timing sequence portion 
to enable the burst modems to estimate the timing of 
symbols in the data packet. In selected embodiments, the 
preamble may further include a unique code to enable the 
burst modems to detect the start of a data packet trans- 
mitted over the transmission line. 
[0014] jhe burst modems may use any suitable type of burst 

modulation technique to compress and transmit data, in- 
cluding but not limited to burst quadrature phase shift 
keying, burst quadrature amplitude modulation, burst 
amplitude shift keying, burst phase shift keying, burst on- 
off keying, burst pulse code modulation, burst frequency 
shift keying, burst pulse amplitude modulation, burst 
pulse position modulation, burst pulse duration modula- 
tion, burst phase modulation, burst pulse duration modu- 
lation, burst pulse width modulation, or combinations 

thereof. 
Brief Description of Drawings 

[0015] Jhe foregoing and other features of the present invention 
will become more fully apparent from the following de- 
scription, taken in conjunction with the accompanying 
drawings. Understanding that these drawings depict only 



typical embodiments in accordance with tlie invention and 
are, tlierefore, not to be considered limiting of its scope, 
the invention will be described with additional specificity 
and detail through use of the accompanying drawings. 

[0016] Figure 1 is a profile view of one embodiment of a drill rig 
and drill string in accordance with the invention. 

[0017] Figure 2 is a schematic block diagram illustrating one em- 
bodiment of a downhole network in accordance with the 
invention, integrated into the drill string. 

[0018] Figure 3 is a schematic block diagram illustrating one 
method of transmitting data along the drill string. 

[0019] Figure 4 is a schematic block diagram illustrating various 
types of hardware and software modules that may be in- 
cluded in a network node in accordance with the inven- 
tion. 

[0020] Figure 5 is a schematic block diagram illustrating one em- 
bodiment of a downhole network in accordance with the 
invention, interfacing with various tools and sensors. 

[0021] Figure 6 is a more detailed schematic block diagram illus- 
trating one embodiment of hardware and software com- 
ponents that may be included in a network node in accor- 
dance with the invention. 

[0022] Figure 7A is a schematic block diagram illustrating one 



embodiment of a data packet transmitted between nodes 
in tlie networl<. 

[0023] Figure 7B is a scliematic blocl< diagram illustrating an- 
other embodiment of a data packet transmitted between 
nodes in tlie network. 

[0024] Figure 7C is a schematic block diagram illustrating an- 
other embodiment of a data packet transmitted between 
nodes in the network. 

[0025] Figure 7D is a schematic block diagram illustrating yet an- 
other embodiment of a data packet transmitted between 
nodes in the network. 

[0026] Figure 8 is a flow chart illustrating one embodiment of a 
data acquisition process used by a burst modem in accor- 
dance with the invention. 

[0027] Figure 9 is a schematic block diagram illustrating one em- 
bodiment of a channel used to transmit data in a down- 
hole network. 

[0028] Figure 10 is a schematic block diagram illustrating one 
embodiment of a demodulator in accordance with the in- 
vention. 

[0029] Figure 11 is a schematic block diagram of one embodi- 
ment of a modulator in accordance with the invention. 
Detailed Description 



[0030] It vvill be readily understood that the components of the 

present invention, as generally described and illustrated in 
the Figures herein, could be arranged and designed in a 
wide variety of different configurations. Thus, the follow- 
ing more detailed description of embodiments of appara- 
tus and methods of the present invention, as represented 
in the Figures, is not intended to limit the scope of the in- 
vention, as claimed, but is merely representative of vari- 
ous selected embodiments of the invention. 

[0031] The illustrated embodiments of the invention will be best 
understood by reference to the drawings, wherein like 
parts are designated by like numerals throughout. Those 
of ordinary skill in the art will, of course, appreciate that 
various modifications to the apparatus and methods de- 
scribed herein may easily be made without departing from 
the essential characteristics of the invention, as described 
in connection with the Figures. Thus, the following de- 
scription of the Figures is intended only by way of exam- 
ple, and simply illustrates certain selected embodiments 
consistent with the invention as claimed herein. 

[0032] Many of the functional units described in this specification 
have been labeled as modules, in order to more particu- 
larly emphasize their implementation independence. For 



example, modules may be implemented in software for 
execution by various types of processors. An identified 
module of executable code may, for instance, comprise 
one or more physical or logical blocks of computer in- 
structions that may, for instance, be organized as an ob- 
ject, procedure, or function. Nevertheless, the executables 
of an identified module need not be physically located to- 
gether, but may comprise disparate instructions stored in 
different locations which, when joined logically together, 
comprise the module and achieve the stated purpose for 
the module. For example, a module of executable code 
could be a single instruction, or many instructions, and 
may even be distributed over several different code seg- 
ments, among different programs, and across several 
memory devices. 
[0033] Modules may also be implemented in hardware as elec- 
tronic circuits comprising custom VLSI circuitry, off- 
the-shelf semiconductors such as logic chips, transistors, 
or other discrete components. A module may also be im- 
plemented in programmable hardware devices such as 
field programmable gate arrays, programmable array 
logic, programmable logic devices, or the like. Similarly, 
operational data may be identified and illustrated herein 



within modules, and may be embodied in any suitable 
form and organized within any suitable type of data struc- 
ture. The operational data may be collected as a single 
data set, or may be distributed over different locations in- 
cluding over different storage devices, and may exist, at 
least partially, merely as electronic signals on a system or 
network. 

[0034] Referring to Figure 1, a drill rig 10 may include a derrick 
12 and a drill string 14 comprised of multiple sections of 
drill pipe and other downhole tools 16. The drill string 14 
is typically rotated by the drill rig 10 to turn a drill bit 20 
that is loaded against the earth 19 to form a borehole 11. 
Rotation of the drill bit 20 may alternately be provided by 
other downhole tools such as drill motors, or drill turbines 
(not shown) located adjacent to the drill bit 20. 

[0035] A bottom-hole assembly 21 may include a drill bit 20, 
sensors, and other downhole tools such as logging- 
while-drilling ("LWD") tools, measurement-while-drilling 
("MWD") tools, diagnostic-while-drilling ("DWD") tools, or 
the like. Other downhole tools may include heavyweight 
drill pipe, drill collar, stabilizers, hole openers, sub- 
assemblies, under-reamers, rotary steerable systems, 
drilling Jars, drilling shock absorbers, and the like, which 



are all well known in the drilling industry. 
[0036] While drilling, a drilling fluid is typically supplied under 

pressure at the drill rig 10 through the drill string 14. The 
drilling fluid typically flows downhole through the central 
bore of the drill string 14 and then returns uphole to the 
drill rig 10 through the annulus 11. Pressurized drilling 
fluid is circulated around the drill bit 20 to provide a 
flushing action to carry the drilled earth cuttings to the 
surface. 

[0037] Referring to Figure 2, while continuing to refer generally 
to Figure 1, in selected embodiments, a downhole net- 
work 17 may be used to transmit information along the 
drill string 14. The downhole network 17 may include 
multiple nodes 18a-e spaced at desired intervals along 
the drill string 14. The nodes 18a-e may be intelligent 
computing devices 18a-e, such as routers, or may be less 
intelligent connection devices, such as hubs, switches, re- 
peaters, or the like, located along the length of the net- 
work 17. Each of the nodes 18 may or may not have a 
network address. A node 18e may be located at or near 
the bottom hole assembly 21. The bottom hole assembly 
21 may include a drill bit 20, drill collar, and other down- 
hole tools and sensors designed to gather data, perform 



various functions, or the lil<e. 
[0038] Other intermediate nodes 18b-d may be located or 

spaced along the network 17 to act as relay points for 
signals traveling along the network 17 and to interface to 
various tools or sensors located along the length of the 
drill string 14. Likewise, a top-hole node 18a may be po- 
sitioned at the top or proximate the top of the drill string 
14 to interface to an analysis device, such as a personal 
computer 26. 

[0039] Communication links 24a-d may be used to connect the 
nodes 18a-e to one another. The communication links 
24a-d may consist of cables or other transmission media 
integrated directly into the tools 16 making up the drill 
string 14, routed through the central bore of the drill 
string 14, or routed external to the drill string 14. Like- 
wise, in certain embodiments, the communication links 
24a-d may be wireless connections. In selected embodi- 
ments, the downhole network 17 may function as a 
packet-switched or circuit-switched network 17. 

[0040] To transmit data along the drill string 14, packets 22a, 
22b may be transmitted between the nodes 18a-e. Some 
packets 22b may carry data gathered by downhole tools 
or sensors to uphole nodes 18a, or may carry protocols or 



data necessary to the function of the network 17. Like- 
wise, other packets 22a may be transmitted from uphole 
nodes 18a to downhole nodes 18b-e. For example, these 
packets 22a may be used to carry control signals or pro- 
gramming data from a top-hole node 18a to tools or sen- 
sors interfaced to various downhole nodes 18b-e. Thus, a 
downhole network 17 may provide a high-speed means 
for transmitting data and information between downhole 
components and devices located at or near the earth"s 
surface 19. 

[0041] Referring to Figure 3, in one embodiment, a downhole 

network 17 in accordance with the invention may include 
various nodes 18 spaced at selected intervals along the 
drill string 14. Each of the nodes 18 may communicate 
with a bottom-hole assembly 21. As data travels along the 
network 17, transmission elements 28a-e may be used to 
transmit data across the tool joints. For information re- 
garding one embodiment of suitable transmission ele- 
ments 28a-e, the reader is referred to the Hall patent, U.S. 
Patent No. 6,670,880, which is herein incorporated by 
reference. 

[0042] In the Hall patent, inductive coils are used to transmit data 
signals across the tool joints. As described therein, a first 



inductive coil converts an electrical current to a magnetic 
field that is communicated across the tool joint. A second 
inductive coil detects the magnetic field and converts the 
magnetic field back to an electrical current. This allows a 
data signal to be transmitted across a tool Joint even ab- 
sent a reliable electrical connection. Nevertheless, in other 
embodiments, the transmission elements 28a-e may also 
transmit data across the tool joint through direct contact. 
See Hall et al application no. 10/605,493, filed 
10/02/2004, incorporated herein by this reference. 

[0043] Referring to Figure 4, a network node 18 in accordance 

with the invention may include a combination of hardware 
29 and software providing various functions 30. The func- 
tions 30 may be provided strictly by the hardware 29, 
software executable on the hardware 29, or a combination 
thereof. For example, hardware 29 may include one or 
several processors 31 capable of processing data as well 
as executing instructions. The processor 31 or processors 
31 may include hardware such as busses, clocks, cache, 
or other supporting hardware. 

[0044] Likewise, the hardware 29 may include volatile 34 and 
non-volatile 36 memories 32 to store data and provide 
staging areas for data transmitted between hardware 



components 29. Volatile memory 34 may include random 
access memory (RAM), or equivalents thereof, providing 
high-speed memory storage. Memory 32 may also include 
selected types of non-volatile memory 36 such as read- 
only-memory (ROM), PROM, EEPROM, or the like, or other 
long-term storage devices, such as hard drives, floppy 
disks, flash memory, or the like. Ports 38 such as serial 
ports, parallel ports, or the like, may be used to interface 
to other devices connected to the node 18, such as vari- 
ous sensors or tools located proximate the node 18. 
[0045] A modem 40 may be used to modulate digital data onto 
an analog carrier signal for transmission over network ca- 
ble or other transmission media, and likewise, demodulate 
the analog signals when received. A modem 40 may in- 
clude various built in features including but not limited to 
error checking, data compression, or the like. In addition, 
the modem 40 may use any suitable modulation type such 
as ASK, PSK, QPSK, OOK, PCM, FSK, QAM, PAM, PPM, PDM, 
PWM, or the like, to name a few. The choice of a modula- 
tion type may depend on a desired data transmission 
speed, the bandwidth capability of the network hardware, 
as well as unique operating conditions that may exist in a 
downhole environment. Likewise, the modem 40 may be 



configured to operate in full-duplex, half-duplex, or other 
mode. The modem 40 may also use any of numerous net- 
working protocols currently available, such as collision- 
based protocols like Ethernet, token-based, or asyn- 
chronous transfer (ATM) protocols. 
[0046] A node 18 may also include one or several switches 42, 
multiplexers 42, or both. A switch 42 may filter, forward, 
and route traffic on the network. Multiplexers 42 (and 
corresponding demultiplexers 42) may transmit multiple 
signals over a single communications line or a single 
channel. The multiplexers 42 may use any known protocol 
to transmit information over the network 17, including 
but not limited to frequency-division multiplexing, time- 
division multiplexing, statistical time-division multiplex- 
ing, wave-division multiplexing, code-division multiplex- 
ing, spread spectrum multiplexing, or combinations 
thereof. 

[0047] A node 18 may also include various downhole tools 46 
and sensors 44. These tools 46 and sensors 44 may be 
integrated into the node 18 (i.e., share the same circuitry) 
or interface to the node 18 through ports 38. Tools 46 
and sensors 44 may include devices such as coring tools, 
mud logging devices, pore fluid sensors, resistivity sen- 



sors, induction sensors, sonic devices, radioactivity sen- 
sors, electrical potential tools, temperature sensors, ac- 
celerometers, imaging devices, seismic devices, mechani- 
cal devices such as caliper tools or free point indicators, 
pressure sensors, inclinometers, surveying tools, naviga- 
tion tools, or the like. These tools 46 and sensors 44 may 
be configured to gather data for analysis uphole, and may 
also receive data such as control signals, programming 
data, or the like, from uphole sources. For example, con- 
trol signals originating at the surface may direct a sensor 
44 to take a desired measurement. Likewise, selected 
tools 46 and sensors 44 may be re-programmed through 
the network 17 without extracting the tools from the 
borehole. 

[0048] A drill string 14 may extend into the earth 20,000 feet or 
more. As a result, signal loss or attenuation may be a sig- 
nificant factor when transmitting data along the downhole 
network 17. This signal loss or attenuation may vary ac- 
cording to the network hardware. The reader is referred to 
the Hall patent for a description of one embodiment of 
various hardware components that may be used to con- 
struct the network 17. For example, a drill string 14 is 
typically comprised of multiple segments of drill pipe 16 



or other drill tools 16. As a result, signal loss may occur 
each time a signal is transmitted from one downhole tool 
16 to another 16. Since a drill string may include several 
hundred sections of drill pipe 16 or other tools 16, the 
aggregate attenuation can be significant. Likewise, atten- 
uation may also occur in the cable or other transmission 
media routed along the drill string 14. 
[0049] Jo compensate for signal attenuation, amplifiers 48, or 
repeaters 48, may be spaced at selected intervals along 
the network 17. The amplifiers 48 may receive a data sig- 
nal, amplify it, and transmit it to the next node 18. Like 
amplifiers 48, repeaters 48 may be used to receive a data 
signal and retransmit it at higher power. However, unlike 
amplifiers 48, repeaters 48 may remove noise from the 
data signal. This may be done by demodulating the data 
from the transmitted signal and re-modulating it onto a 
new carrier. 

[0050] Likewise, a node 18 may include various filters 50. Filters 
50 may be used to filter out undesired noise, frequencies, 
and the like that may be present or introduced into a data 
signal traveling up or down the network 17. Likewise, the 
node 18 may include a power supply 52 to supply power 
to any or all of the hardware 29. The node 18 may also in- 



elude other hardware 54, as needed, to provide other de- 
sired functionality to the node 18. 
[0051] The node 18 may provide various functions 30 that are 
implemented by software, hardware, or a combination 
thereof. For example, the node"s functions 30 may in- 
clude data gathering 56, data processing 58, control 60, 
data storage 62, or other functions 64. Data may be gath- 
ered 56 from sensors 44 located downhole, tools 46, or 
other nodes 18 in communication with a selected node 
18. This data 56 may be transmitted or encapsulated 
within data packets transmitted up and down the network 
17. 

[0052] Likewise, the node 18 may provide various data process- 
ing functions 58. For example, data processing may in- 
clude data amplification 72 or repeating 72, routing 74 or 
switching 74 data packets transmitted along the network 
17, error checking 76 of data packets transmitted along 
the network 17, filtering 78 of data, as well as data com- 
pression 79 and decompression 79. Likewise, a node 18 
may process various control signals 60 transmitted from 
the surface to tools 46, sensors 44, or other nodes 18 lo- 
cated downhole. Likewise, a node 18 may store data that 
has been gathered from tools 46, sensors 44, or other 



nodes 18 within tlie networl< 17. Lilcewise, the node 18 
may include other functions 64, as needed. 
[0053] In selected embodiments, a node 18 may include a data 
rate adjustment module 80. The data rate adjustment 
module 80 may monitor network traffic traveling in both 
uphole and downhole directions. The data rate adjustment 
module 80 may optimize the network"s settings and effi- 
ciency by adjusting the allocation of bandwidth for data 
traveling uphole and downhole. As is typical in most com- 
munication systems, data rates may be limited by the 
available bandwidth of a particular system. For example, 
in downhole drilling systems, available bandwidth may be 
limited by the transmission cable, hardware used to com- 
municate across tool joints, electronic hardware in the 
nodes 18, the downhole environment, or the like. Thus, 
the data rate adjustment module 80 may efficiently allo- 
cate the limited available bandwidth where it is most 
needed. 

[0054] For example, in selected embodiments, most of the net- 
work traffic may flow from downhole tools 46 and sensors 
44 to the surface for analysis. Thus, ordinarily, most of 
the network bandwidth may be allocated to traffic travel- 
ing uphole. Nevertheless, in some circumstances, more 



bandwidth may be needed for traffic traveling down hole. 
For example, in some cases, significant downhole band- 
width may be needed when reprogramming downhole 
tools 46 and sensors 44, or when sending large amounts 
of control data downhole. In these instances, the data rate 
adjustment module 80 may adjust the bandwidth to pro- 
vide additional bandwidth to downhole traffic. In some in- 
stances, this may include reducing the allocated band- 
width for uphole traffic. Likewise, when the need for addi- 
tional downhole bandwidth has abated, the data rate ad- 
justment module 80 may readjust the available bandwidth 
by re-allocating bandwidth to uphole traffic. 
[0055] Referring to Figure 5, in one embodiment, a downhole 

network 17 in accordance with the invention may include 
a top-hole node 18a and a bottom-hole node 18e. A bot- 
tom-hole node 18e may interface to various components 
located in or proximate a bottom-hole assembly 21. For 
example, a bottom-hole node 18e may interface to a tem- 
perature sensor 83, an accelerometer 84, a DWD 
(diagnostic-while-drilling) tool 86, or other tools 46c or 
sensors 44c such as those listed in the description of Fig- 
ure 4. 

[0056] A bottom-hole node 18e may communicate with an inter- 



mediate node 18c located at an intermediate point along 
the drill string 14. The intermediate node 18c may also 
provide an interface to tools 46b or sensors 44b commu- 
nicating through the network 17. Likewise, other nodes 
18, such as a second intermediate node 18b, may be lo- 
cated along the drill string 14 to communicate with other 
sensors 44a or tools 46a. Any number of intermediate 
nodes 18b, 18c may be used along the network 17 be- 
tween the top-hole node 18a and the bottom-hole node 
18e. 

[0057] In selected embodiments, a physical interface 82 may be 
provided to connect network components to a drill string 
14. For example, since data may be transmitted directly 
up the drill string on cables or other transmission media 
integrated directly into drill pipe 16 or other drill string 
components 16, the physical interface 82 may provide a 
physical connection to the drill string so data may be 
routed off of the drill string 14 to network components, 
such as a top-hole node 18a, or personal computer 26. 

[0058] For example, a top-hole node 18a may be operably con- 
nected to the physical interface 82. The top-hole node 
18a may also be connected to an analysis device such as a 
personal computer 26. The personal computer 26 may be 



used to analyze or examine data gathered from various 
downliole tools 46 or sensors 44. Likewise, tool and sen- 
sor data 81a may be saved or output from the analysis 
device 26. Likewise, in other embodiments, tool and sen- 
sor data 81b may be routed directly off the top-hole node 
18a for analysis. 

[0059] Referring to Figure 6, in selected embodiments, a node 18 
may include various components to provide desired func- 
tionality. For example switches 42, multiplexers 42, or a 
combination thereof may be used to receive, switch, and 
multiplex or demultiplex signals, received from other up- 
hole 96a and downhole 96b nodes 18. The switches/ 
multiplexers 42 may direct traffic such as data packets or 
other signals into and out of the node 18, and may ensure 
that the packets or signals are transmitted at proper time 
intervals, frequencies, or combinations thereof. 

[0060] In certain embodiments, the multiplexer 42 may transmit 
several signals simultaneously on different carrier fre- 
quencies. In other embodiments, the multiplexer 42 may 
coordinate the time-division multiplexing of several sig- 
nals. Signals or packets received by the switch/mul- 
tiplexer 42 may be amplified 48 and filtered 50, such as 
to remove noise. In certain embodiments received signals 



may simply be amplified 48. In other embodiments, the 
signals may be received, data may be demodulated there- 
from and stored, and the data may be remodulated and 
retransmitted on a selected carrier frequency having 
greater signal strength. A modem 40 may be used to de- 
modulate digital data from signals received from the 
switch/multiplexer and modulate digital data onto carrier 
signals for transfer to the switches/multiplexer for trans- 
mission uphole or downhole. 

[0061] The modem 40 may also perform various tasks such as 
error-checking 76 and data compression. The modem 40 
may also communicate with a microcontroller 90. The mi- 
crocontroller 90 may execute any of numerous applica- 
tions 92. For example, the microcontroller 90 may run ap- 
plications 92 whose primary function is to acquire data 
from one or a plurality of sensors 44a-c. For example, the 
microcontroller 90 may interface to sensors 44 such as 
inclinometers, thermocouplers, accelerometers, imaging 
devices, seismic data gathering devices, or other sensors 
such as those listed in the description of Figure 4. Thus, 
the node 18 may include circuitry that functions as a data 
acquisition tool. 

[0062] In other embodiments, the microcontroller 90 may run 



applications 92 tliat may control various tools 46 or sen- 
sors 44 located downhole. That is, not only may the node 
18 be used as a repeater, and as a data gathering device, 
but it may also be used to receive or provide control sig- 
nals to control selected tools 46 and sensors 44, as 
needed. The node 18 may also include a volatile memory 
device 34, such as a FIFO 34 or RAM 34, that may be used 
to store data needed by or transferred between the mo- 
dem 40 and the microcontroller 90. 

[0063] Other components of the node 18 may include non- 
volatile memory 36, which may be used to store data, 
such as configuration settings, node addresses, system 
settings, and the like. One or several clocks 88 may be 
provided to provide clock signals to the modem 40, the 
microcontroller 90, or any other device. A power supply 
52 may receive power from an external power source 94 
such as batteries. The power supply 94 may provide 
power to any or all of the components located within the 
node 18. Likewise, an RS232 port 38 may be used to pro- 
vide a serial connection to the node 18. 

[0064] Thus, a node 18, as more generally described in Figure 4, 
may provide many more functions than those supplied by 
a simple signal repeater. The node 18 may provide many 



of the advantages of an addressable node on a local area 
network. The addressable node may amplify signals re- 
ceived from uphole 96a or downhole 96b sources, be 
used as a point of data acquisition, and be used to pro- 
vide control signals to desired sensors 44 or tools 46. 
These represent only a few examples of the versatility of 
the node 18. Thus, the node 18, although useful and 
functional as a repeater 30, may have a greatly expanded 
capability. 

[0065] Referring to Figure 7A, as the demand for bandwidth 
grows in a downhole network 17, as it most likely will 
given the large number of tools and sensor that can be 
used in a downhole environment, it may be impossible or 
difficult to provide continuous and efficient connections 
to many tools and sensors that require high, instanta- 
neous throughput on an intermittent basis. Thus, there is 
a need in the downhole drilling industry, and more partic- 
ularly in downhole drilling networks, for downhole net- 
works that share channels by providing access to down- 
hole tools, sensors, or the like, only when needed. These 
network systems may use a special type of modem called 
a burst modem to transmit data over the network in short 
bursts. 



[0066] In burst modulation schemes, a data packet 100a may in- 
clude a preamble 102a. A preamble 102a is typically a 
collection of symbols in the packet 100a intended to aid a 
modem 40 in acquiring, or receiving, the data packet 
100a. Although the term "preamble"typically indicates that 
the preamble 102a is at the beginning of a packet 100a, a 
"mid-amble"or "post-amble" may also be suitable in cer- 
tain embodiments, as will be described in more detail 
hereafter. For the purposes of this specification and the 
appended claims, the term "preamble" includes acquisi- 
tion symbols at the beginning, middle, or end of a packet 
100a. 

[0067] In selected embodiments, a preamble 102a may include 
three parts: an unmodulated carrier portion 104, a data 
timing portion 106, and a unique code 108. The unmodu- 
lated carrier portion 104 may essentially be an unchang- 
ing sequence of symbols arranged to enable a receiving 
modem 40 to estimate the carrier frequency of the data 
packet 100a. The data timing portion 106 is typically a 
sequence of symbols configured to make symbol transi- 
tions as pronounced as possible. This aids a receiving 
modem 40 in calculating the timing of symbols in the data 
packet 100a. Finally, the data packet may also include a 



unique code 108 to aid a modem 40 in detecting the be- 
ginning of tlie data pacl<et 100a. A burst modem may de- 
tect the unique code 108 by measuring its correlative 
properties to a bit pattern in tlie receiving modem 40. As 
will be discussed in more detail in Figure 10, various 
loops in the modem 40 allow the modem to detect the 
carrier frequency, symbol timing, and beginning of each 
packet by analyzing the preamble 102. 

[0068] Referring to Figure 7B, with the amount of processing 

power that is currently available in modems using hard- 
ware and software, the approach described in Figure 7A is 
often unnecessary and may consume more processing 
overhead than is desired. A good burst modem design 
may calculate the carrier frequency, symbol timing, start 
of the packet, and so forth, from a single sequence 102b. 
Usually, if a sequence 102b has good correlation proper- 
ties, it will also be transition rich, which makes the se- 
quence a good source for extracting symbol timing. A 
burst modem 40 may also strip the symbols of the 
preamble 102b from the carrier to accurately estimate the 
carrier frequency. 

[0069] In selected embodiments, the symbols of the preamble 

102b may be limited to two antipodal values to maximize 



the transition between symbols. This may improve the 
modem"s ability to calculate the symbol timing. For ex- 
ample, in QAM and QPSK systems, the preamble may be 
limited to symbols residing on opposites sides of the con- 
stellation, essentially reducing the preamble 102b to a 
BPSK (binary phase shift keyed) signal. In QAM schemes, it 
may be desirable to select a pair of constellation points 
that have the same average power as the data llOa-b us- 
ing the whole constellation. 
[0070] The length of the preamble 102b may be adjusted, as 

needed, to optimize signal acquisition. For example, in a 
downhole drilling network 17, the distance between nodes 
may be inconsistent. In addition, a signal transmitted 
along the network 17 may lose a varying amount of power 
as the signal is transmitted across tool Joints. As a result, 
a downhole network 17 may be subject to a "near/far 
problem," wherein some bits of the preamble 102b are 
rendered useless before a receiving modem 40 can adjust 
the gain of the signal 100b to fall within the dynamic 
range of the modem 40. The length of the preamble 102b 
may be adjusted to compensate for this near/far problem. 
Nevertheless, the preamble 102b is preferably designed to 
be as short as possible, while maintaining favorable bit- 



to-error ratios, to minimize tlie amount of processing 
power used processing tlie preamble 102b. 

[0071] Referring to Figure 7C, in selected embodiments, the 
preamble 102c (here referred to as a mid-amble 102c 
may be placed in the middle of the burst 100c, or packet 
100c. This configuration may be useful in systems having 
time-varying channels because the packet 100c only has 
half of the time to diverge from the location where the 
frequency and symbol timing samples are taken. In such 
systems, however, the modem 40 must temporarily store 
data 110c preceding the preamble 102c before the esti- 
mates are calculated from the preamble 102c. Once the 
preamble 100c is analyzed, the preceding and subsequent 
data 110c, llOd may be processed. 

[0072] Referring to Figure 7D, in other embodiments, it may be 
helpful to place a preamble 102d and post-amble 102e at 
both ends of the data packet lOOd to aid in estimating the 
carrier frequency and symbol timing. Although not illus- 
trated in Figures 7A-7D, the packets lOOa-d may also in- 
clude features such as training marks to provide channel 
equalization, error correction data, source and destination 
addresses, trailing marks, and the like. One of ordinary 
skill in the art will recognize that network packets lOOa-d 



may take on many forms and contain varied information. 
Tlius, tlie examples presented lierein simply represent 
various contemplated embodiments in accordance with 
the invention, and are not intended to limit the scope of 
the invention. 

[0073] Referring to Figure 8, a signal acquisition process 120 

may include a number of steps, although the process 120 
does not necessarily all of the steps presented herein or in 
the same order. The signal acquisition process 120 may 
be implemented by a burst modem 40 or other hardware 
or software in a node 18. For example, a signal acquisi- 
tion process 120 may begin by adjusting 122 the gain of 
an incoming data signal. As was previously explained, due 
to inconsistent spacing between nodes 18, attenuation in 
the transmission cable or transmission elements 28, the 
dynamic range of data signals received by a modem 40 
may be substantial. Thus, the gain of the incoming signal 
must be adjusted to fall within the operating range of the 
modem 40 and other hardware. 

[0074] Likewise, the data acquisition process 120 may compen- 
sate 124 for channel distortions. As is typical in most sys- 
tems that recover digital data from a modulated signal, 
channel equalization is an important step 124. Channel 



equalization refers to the process of compensating for the 
effects of changing channel characteristics and for distur- 
bances in the data transmission channel. The equalization 
process typically involves calculating the transfer function 
of a transmission channel and applying the inverse of the 
transfer function to an incoming signal to compensate for 
the effects of channel distortion and disturbances. 

[0075] As previously mentioned, the signal acquisition process 
120 includes a step for detecting 126 a data packet. The 
modem 40 must be able to differentiate an incoming data 
signal from noise or other disturbances on the transmis- 
sion line. In some cases, the modem 40 may detect an in- 
coming data packet or signal by measuring the correlation 
of a preamble 102 or other part of the packet with a 
stored reference code. 

[0076] The signal acquisition process 120 may also include steps 
to estimate 128 the carrier frequency, track 130 the car- 
rier frequency, track 132 the carrier phase, and estimate 
134 times to sample symbols. In selected embodiments, 
these tasks may be achieved in part by using a correlator 
and various carrier and timing loops. Unlike some contin- 
uous modem applications, burst modems must acquire a 
data signal or data packet extremely quickly. Thus, high- 



speed acquisition processes are needed to quicl<ly esti- 
mate both the carrier frequency and phase, and the sam- 
ple timing frequency and phase. In most cases this can be 
accomplished with various loops that converge very 
quickly to acquire a packet or signal. 

[0077] A signal acquisition process 120 may include filtering the 
received signal or packet. This usually requires filtering 
136 or processing the received signal in a way that maxi- 
mizes a transmission system"s bit-error performance. 
This can be accomplished in part by maximizing the ratio 
of the signal power to noise, interference, and distortion. 
A matched filter or adaptive equalizer is often a good so- 
lution for performing this task. 

[0078] Referring to Figure 9, in order to properly design a burst 
modem 40 for operation in a downhole-drilling network 
17, the characteristics of the channel should be examined 
closely. For example, in a downhole network 17, the 
channel may include hardware, such as the transmission 
line 140 integrated into the drill pipe, transmission ele- 
ments 142 for transmitting signals across the tool joints, 
hardware in the nodes 18 including analog hardware in 
the modem 40, and the like. The design of a burst modem 
40 should take into account the uncertainty in the burst"s 



arrival time, the signal amplitude, the carrier frequency, 
the sample timing, and the like. The modem design 
should also take into account issues such the bit energy 
to noise power ratio, types of fading or multipath delay, 
distortion, signal interference, and the like, that may be 
present in the channel. 
[0079] Referring to Figure 10, one embodiment of a burst de- 
modulator 150 is illustrated. The embodiment simply rep- 
resents one example of various components that may be 
included in a burst demodulator 150 in accordance with 
the present invention, and is not intended to limit the 
scope of the present invention. The components de- 
scribed herein do not necessarily represent an exhaustive 
or complete list of components that may be included in a 
demodulator 150, but are simply presented to facilitate a 
discussion of various demodulator components that may 
be used in a burst modem 40. For example, a demodula- 
tor 150 may include an analog input 152 to receive a sig- 
nal 154 from a downhole channel. An automatic gain con- 
trol circuit 156 may monitor the analog input 152 to au- 
tomatically adjust the power level of incoming signals 154 
to fall within the demodulator"s operating range. An ana- 
log to digital converter 158 may also receive the analog 



input signal 154 to convert tlie incoming analog waveform 
into a digital signal. 

[0080] The digital signal may be passed through a matched filter 
160 to optimize the power to noise ratio of the signal. 
This signal may be temporarily stored in a sample buffer 
162 and passed to a preamble correlator 164. If the cor- 
relator 164 detects the preamble 102 of a data packet, a 
controller 166 may than begin to process samples read 
from the sample buffer 162, using a timing loop 168, a 
carrier loop 170, an equalizer 172, a forward error correc- 
tion decoder 174, or other hardware, to effectively pro- 
cess and extract data from the incoming signal. The re- 
sulting data 176 may then be output from the demodula- 
tor 150 to higher layers of the protocol stack. 

[0081] Referring to Figure 11, in selected embodiments, a modu- 
lator 180 may include a digital input 182, to receive data, 
and a preamble generator 184. The digital data and 
preamble may be combined to form a data packet. This 
data packet may then be modulated 186 onto a carrier at 
a selected frequency and symbol timing. This analog sig- 
nal may then be amplified 188 and filtered 188, as 
needed. The modulator 180 may then output 190 the re- 
sulting analog signal to a transmission line 140 where it 



may be transmitted over a desired cliannel. 
[0082] The present invention may be embodied in otiier specific 
forms without departing from its essence or essential 
cliaracteristics. Tlie described embodiments are to be 
considered in all respects only as illustrative, and not re- 
strictive. The scope of the invention is, therefore, indi- 
cated by the appended claims, rather than by the forego- 
ing description. All changes within the meaning and range 
of equivalency of the claims are to be embraced within 
their scope. 



